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(57) ABSTRACT

A process for treating a mixture of R,R- and S,S-lactide is
provided. The process involves contacting the mixture with
an aliphatic alcohol and an enzyme to produce a mixture
comprising aliphatic ester of lactic acid corresponding to one
lactide enantiomer and the aliphatic ester of lactyllactic acid
corresponding to the other lactide enantiomer; separating the
mixture from the enzyme, and recycling the enzyme to the
process; and separating the aliphatic ester of lactic acid from
the aliphatic ester of lactyl-lactic acid by fractional distilla-
tion. Also provided are processes for the production of S-lac-
tic acid, S,S-lactide, poly-S-lactic acid, R-lactic acid, R,R-
lactide, poly-R-lactic acid and stereocomplex polylactic acid.
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PROCESS FOR THE PRODUCTION OF
OPTICALLY-ACTIVE ESTERS OF LACTIC
ACID AND LACTYLLACTIC ACID

This application is the United States national phase filing
of the corresponding international application number PCT/
GB2012/051698, filed on Jul. 16, 2012, which claims priority
to and benefit of GB Application No. 1112297.5, filed Jul. 15,
2011; GB Application No. 1112296.7, filed Jul. 15, 2011; and
GB Application No. 1210275.2, filed Jun. 11, 2012 which
applications are hereby incorporated by reference in their
entirety.

The present invention relates to the production of single
enantiomers of lactic acid, the cyclic dimer thereof (lactide)
orlactate esters. In particular, it relates to a separation process
which includes the step of stercoselectively alcoholising a
mixture of R,R- and S,S-lactide with an enzyme to produce
single enantiomers of different lactic acid derivatives, ali-
phatic ester of lactic acid and aliphatic ester of lactyllactic
acid, which are separated from the enzyme with the enzyme
being recycled, and which are separated from each other by
fractional distillation.

Lactic acid (2-hydroxypropanoic acid) and its cyclic dimer
lactide (3,6-dimethyl-1,4-dioxan-2,5-dione) are becoming
increasingly important as building blocks for the chemical
and pharmaceutical industries. An example of this is in the
use of lactide to manufacture polylactic acid; a polymer
whose ability to be produced from a variety of renewable
feedstocks and biodegradability makes it an attractive candi-
date to replace more conventional petrochemical polymers,
such as polyethylene terephthalate, for example in the fabri-
cation of food and beverage containers. Today, lactide is made
from lactic acid which in turn is typically made by the bacte-
rial fermentation of monosaccharides derived from crops
such as maize and other natural products. Lactic acid is chiral
and can be made in two enantiomeric forms (respectively
L-lactic acid (also referred to as S-lactic acid) on the one hand
and D-lactic acid (R-lactic acid) on the other). Derivatives
such as lactide are also chiral; lactide in particular exists in
two enantiomeric forms (S,S-lactide and R,R-lactide) and a
third diastereomeric R,S form sometimes also referred to as
meso-lactide. The conventional fermentation technologies
referred to above principally generate L-lactic acid with little
D-lactic acid being formed. Although these technologies can
be modified using different, often genetically engineered,
bacteria to produce D-lactic acid in a similarly selective man-
ner, to date the modified bacteria and the associated processes
are expensive and difficult to use reliably on a large industrial
scale. This is evidenced in the comparatively higher price and
limited availability of D-lactic acid.

Polylactic acid is typically prepared in two steps in which
lactic acid is first dehydrated to produce lactide and then the
lactide is polymerised under carefully controlled conditions
to ensure that long polymer chains are produced in preference
to shorter oligomers. Since, as explained above, the most
readily available source of lactic acid is L-lactic acid, the
lactide employed commercially to date has been S,S-lactide
and the polymer produced poly-L-lactic acid (PLLA) (also
known as poly-S-lactic acid). However the physical proper-
ties of PLLA are limited relative to conventional polymers (as
are those of the corresponding poly-D-lactic acid (PDLA),
also known as poly-R-lactic acid) which to date has limited its
utility.

It has been found that these deficiencies can be overcome
by using mixtures of PLLLA and PDL A which are prepared by,
for example, melt blending. It is believed that in these so-
called ‘stereocomplex’ polymer mixtures close packing of the
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PLLA and PDLA chains occasioned by their differing chiral-
ity improves polymer crystallinity which leads to improve-
ments in the properties referred to above. This permits the use
of stereocomplex PLA for a much wider range of consumer
durable applications, making it a viable alternative to tradi-
tional commodity polymers such as polyethylene terephtha-
late, polypropylene and polystyrene. This approach however
requires access to large quantities of PDLA and therefore
ultimately to large quantities of D-lactic acid.

In addition to the use of fermentation methods, it is known
to produce lactic acid by a conventional chemical transfor-
mation. For example, the prior art teaches it can be made by
treating monosaccharides derived from a wide range of bio-
logical material with aqueous strong base. Such processes
however are not stereoselective and generate a racemic mix-
ture of the two enantiomers in approximately equal amounts.
They are therefore attractive as a way of making the precur-
sors of stereocomplex polylactic acid. There is a problem
however with using racemic lactic acid to make polylactic
acid in that the resulting polymer is amorphous and therefore
also has poor processing properties. It is therefore necessary
to separate the enantiomers present in the racemic lactic acid
or those in the corresponding racemic lactide so that the
enantiomers of the latter can be polymerised separately and
the two chiral polymers mixed only at the final formulation
stage.

Separating a racemic mixture into its constituent enanti-
omers is in general terms a well-known endeavour and strat-
egies adopted have included fractional crystallisation and
chromatography. However neither of these methodologies is
easy to operate on a large scale, especially in commodity scale
polymer manufacturing where throughputs are high and oper-
ating costs need to be carefully controlled. What is needed
therefore is a simple chemical engineering solution which can
be easily and reproducibly operated at scale.

Jeon et al in Tetrahedron Letters 47 (2006) 6517-6520
disclose the laboratory observation that rac-lactide can be
alcoholised with various alcohols in the presence of a solvent
and the supported lipase enzyme Novozym 435 to produce a
product comprising a mixture of the corresponding R-alkyl
lactate and the S,S-alkyl lactyllactate. However, this refer-
ence goes no further than describing the chemistry.

We have now found a flexible and efficient process that
permits the production of aliphatic ester of lactic acid and
aliphatic ester of lactyllactic acid on industrial scale in good
yield. According to the present invention there is therefore
provided a process for treating a mixture of R,R- and S,S-
lactide characterised by the steps of:

(a) contacting the mixture of R,R- and S,S-lactide with an
aliphatic alcohol and an enzyme to produce a mixture com-
prising aliphatic ester of lactic acid corresponding to one
lactide enantiomer and the aliphatic ester of lactyllactic acid
corresponding to the other lactide enantiomer;

(b) separating the mixture comprising aliphatic ester of lactic
acid corresponding to one lactide enantiomer and the ali-
phatic ester of lactyllactic acid corresponding to the other
lactide enantiomer from the enzyme, and recycling the
enzyme to the process; and

(c) separating the aliphatic ester of lactic acid from the ali-
phatic ester of lactyllactic acid by fractional distillation.

The invention provides a reproducible and scaleable pro-
cess which provides lactic acid derivatives in high enantio-
meric purity and high yield. Preferably, the aliphatic ester of
lactic acid obtained from step (c) has an enantiomeric excess
of at least 90%, more preferably at least 95%, still more
preferably at least 98%, yet more preferably at least 99%.
Preferably, the aliphatic ester of lactyllactic acid obtained
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from step (c) has an enantiomeric excess of at least 90%, more
preferably at least 95%, still more preferably at least 98%,
still more preferably at least 99%.

Step (a) of the process of the present invention comprises
contacting the mixture of R,R- and S,S-lactide with an ali-
phatic alcohol and an enzyme capable of catalysing the
desired transformation. The mixture of R,R- and S,S-lactide
may be racemic or scalemic. In one embodiment, the mixture
of R,R- and S,S-lactide is racemic. In another embodiment,
the mixture of R,R- and S,S-lactide is scalemic (i.e. non
racemic).

The lactide used in this stage can in principle be derived
from any source but one which is particularly suitable is
racemic lactic acid produced by treating a monosaccharide
(including glucose, fructose, xylose, and mixtures thereof) or
a number of other carbohydrates (including formaldehyde,
glyceraldehdye, dihydroxyacetone and glycerol) with a base
in aqueous solution at elevated temperature. Especially pre-
ferred is the use of a Group IA, Group IIA or quaternary
ammonium bases as described for example in GB2484674,
the prior art discussed therein, and in U.S. Pat. No. 7,829,740.
Typically the racemic lactic acid produced in these processes
can be converted into racemic lactide by dehydration pro-
cesses well-known in the art. It is preferred that the lactide is
free or substantially free of the corresponding R,S diastere-
oisomer (meso lactide). If desired, R,S-lactide may be sepa-
rated from R,R- and S,S-lactide, for example by routine meth-
ods well known in the art.

Suitably the aliphatic alcohol is a C, to Cg alcohol, prefer-
ably a C, to Cg alcohol, more preferably a C, to Cy alcohol,
most preferably a C; to C, alcohol. The aliphatic alcohol is
preferably an alkyl alcohol, more preferably a C, to Cg alkyl
alcohol, still more preferably a C, to Cg alkyl alcohol, yet
more preferably a C;-C, alkyl alcohol. The alcohol may for
example be ethanol, n-propanol, i-propanol, n-butanol, s-bu-
tanol, i-butanol or 2-ethylhexanol. Examples of preferred
alcohols include ethanol, n-propanol, i-propanol, and n-bu-
tanol. More preferably the alcohol is i-propanol, n-propanol
or n-butanol. Still more preferably the alcohol is n-propanol
or n-butanol. In one particularly preferred embodiment the
alkyl alcohol is n-butanol. In another embodiment the ali-
phatic alcohol is i-propanol. In another embodiment the ali-
phatic alcohol is n-propanol.

Step (a) can be carried out using the aliphatic alcohol as
solvent in which case it is preferred that it is chosen so that the
mixture of R,R- and S,S-lactide is completely or partially
miscible therewith. Thus, in one embodiment step (a) is car-
ried out in the substantial absence of solvent other than ali-
phatic alcohol (i.e. in that case the alcohol, lactide and/or
enzyme may contain some residual solvent, such as water). In
other embodiments, other solvent may be present in addition
to the aliphatic alcohol (e.g. a co-solvent) in step (a), for
example a solvent/co-solvent that is miscible with the ali-
phatic alcohol. If the mixture of R,R- and S,S-lactide is
immiscible or has only low miscibility with the alcohol it is
possible and in many cases preferred to employ a solvent/co-
solvent with which both components are miscible. Use of a
solvent/co-solvent may also lead to further processing advan-
tages in step (c). Typical preferred examples of solvent/co-
solvent include unreactive oxygen-containing solvents for
example dialkyl ethers (e.g. diethyl ether, dipropyl ether or
MTBE), tetrahydrofuran, 1,4-dioxane, glycol ethers, poly-
alkylene glycol ethers and the like. Ketone solvents/co-sol-
vents are particularly preferred. Preferred ketone solvents
include methyl ethyl ketone, methyl isobutyl ketone and, in
particular, acetone. Such ketone solvents are particularly suit-
able for use in processes carried out on an industrial scale,
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where good solubility properties may be advantageous. Addi-
tional hydrocarbon solvents/co-solvents can also be advanta-
geously added. The aliphatic alcohol or the aliphatic alcohol/
co-solvent mixture may contain some water. Typically, the
aliphatic alcohol or the aliphatic alcohol/co-solvent mixture
employed contains less than 1% preferably less than 0.5% by
weight water to ensure that the enzyme performs optimally. In
some preferred embodiments, molecular sieves are used in
the process.

The process may be conducted using excess aliphatic alco-
hol together with additional solvent/co-solvent. It will be
understood that the process may also be carried out using
stoichiometric or even sub-stoichiometric quantities of ali-
phatic alcohol, and the “other” solvent may be the principal or
only solvent. Typically the amount of aliphatic alcohol used
in step (a) is such that the molar ratio of aliphatic alcohol to
lactide is in the range 1:1 to 10:1, preferably 2:1 to 5:1, more
preferably 2:1 to 3:1.

The enzyme used in step (a) suitably comprises an esterase
which is able to stereoselectively catalyse the reaction of
aliphatic ester of lactyllactic acid with aliphatic alcohol to
produce aliphatic ester of lactic acid. More preferably, the
esterase is a lipase. Preferably the enzyme (e.g. the esterase,
lipase) is one which is either chemically or physically immo-
bilised on a porous support for example a polymer resin bead
or a silica, alumina or aluminosilicate bead. One particularly
preferred example is Lipase B, especially Candida antarctica
Lipase B, a serine hydrolase with known enantiomeric selec-
tivity towards the hydrolysis of secondary alcohol esters. In
this aspect of the invention, the Lipase B is most preferably
chemically or physically bound to micro or nano beads made
of'a polymer resin for example a functionalised styrene/divi-
nylbenzene copolymer or a polyacrylate resin, as is the case
for example in the commercially available material Novozym
435 as used in the disclosure by Jeon et al. As Jeon demon-
strates, when this particular supported enzyme is used the
aliphatic lactate ester enantiomer that is preferentially pro-
duced is that derived from R-lactic acid and the remaining
aliphatic lactyllactate ester enantiomer is that derived from
S-lactic acid. Other preferred enzymes include IMMCALB-
T2-150, an immobilised lipase B from Candida antarctica
covalently attached to dry acrylic beads, manufactured by
Chiralvision; IMMCALBY-T2-150, a generic lipase B from
Candida antarctica covalently attached to dry acrylic beads
manufactured by Chiralvision; IMMCALB-T1-350, a lipase
B from Candida antarctica absorbed on dry polypropylene
beads, manufactured by Chiralvision; and cross-linked
aggregate of lipase B from Candida antarctica, manufactured
by CLEA. The enzyme may also be a recombinant Candida
antarctica lipase B from Aspergillus oryzae, supplied by
Sigma Aldrich (non-immobilised).

Step (a) is suitably carried out at a temperature in the range
offrom 15 to 140° C. in order to ensure that reaction rates are
significant on the one hand and that the enzyme does not
deteriorate with long term use on the other. Preferably the
temperature employed is in the range 25 to 80° C. most
preferably 30 to 70° C.

Typically, when an enzyme such as a Candida antarctica
lipase B (e.g. Novozym 435) is used, the aliphatic ester of
lactic acid and the aliphatic ester of lactyllactic acid are
respectively an aliphatic ester of R-lactic acid and an aliphatic
ester of S,S-lactyllactic acid. By varying the reaction condi-
tions it may be possible to alter the enzyme selectivity. Thus
in another, less preferred, embodiment the enzyme is a Can-
dida antarctica lipase B, and the aliphatic ester of lactic acid
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and the aliphatic ester of lactyllactic acid are respectively an
aliphatic ester of S-lactic acid and an aliphatic ester of R,R-
lactyllactic acid.

Step (a) can be carried out on an industrial scale in a
number of ways. For example, if a supported enzyme is used
the reaction can be carried out batchwise in a single stirred or
highly back-mixed tank after which the supported enzyme is
separated in step (b), e.g. by filtration or the use of hydrocy-
clones, and the purified liquid fed to the kettle of the step (c)
distillation column. In such a case the residence time of the
reactants and the enzyme in the stirred tank will typically be
in the range up to 24 preferably up to 10, more preferably
from 1 to 8 hours, and the amount of supported enzyme used
will be in the range up to 10% preferably up to 5% by weight
of the racemic lactide used.

In an alternative preferred embodiment, the process may be
operated as a continuous or semi-continuous process. For
example, a mixture containing e.g. R,R-lactide and S,S-lac-
tide, alkyl alcohol (e.g. n-butanol) and solvent/co-solvent
(e.g. acetone) may be brought into contact with the enzyme
(e.g. an immobilised enzyme such as Novozym 435) by pass-
ing the mixture through a packed bed of enzyme (e.g. present
in a column). In such flow processes, the residency time is
selected so as to ensure high conversion. In a particularly
preferred embodiment, the packed bed is vertical, and the
mixture is fed into the top of'the column. Ketone solvents/co-
solvents are particularly preferred for use with such pro-
cesses.

In one preferred embodiment, step (a) is carried out con-
tinuously ina tower reactor by for example trickling the liquid
reactants down though a fixed or fluidised bed of the sup-
ported enzyme contained therein. A product mixture com-
prising aliphatic ester of lactic acid, aliphatic ester of lactyl-
lactic acid and optionally unreacted lactide, unreacted
alcohol and solvent/co-solvent can then be recovered from
the bottom of the tower and fed to stage (c). In this arrange-
ment, the contact time of the reactants with the bed is typically
in the range of up to 24 hours. Preferably residency times
(contact time of the reactants with the bed) are in the range of
from 10 minutes to 4 hours, more preferably from 10 minutes
to 2 hours. Arrangements of this type permit continuous or
semi-continuous generation of product by flow operations.

Where the process is operated in a batch-type reactor, the
mixture containing aliphatic ester of lactic acid and aliphatic
ester of lactyllactic acid may be separated from the enzyme
by, for example, by filtration of the enzyme, or by decanting
or siphoning off the mixture prior to distillation. Preferably, in
the case of a batch-type process, the enzyme is re-used at least
once, more preferably at least twice, still more preferably at
least 5 times, yet more preferably at least 10 times, most
preferably at least 20 times.

In the case of a process where R ,R-lactide, S,S-lactide and
alcohol are passed through a packed bed of enzyme (i.e. a
continuous or semi-continuous flow process), product and
enzyme are continually being separated from one another and
the enzyme is continually being recycled. Accordingly, in one
preferred embodiment, the process of the invention is a con-
tinuous or semi-continuous process which comprises con-
tacting the mixture of R,R- and S,S-lactide with an aliphatic
alcohol (e.g. n-butanol) and an enzyme (e.g. Novozym 435),
optionally in the presence of a solvent/co-solvent (e.g.
acetone) to produce a mixture comprising aliphatic ester of
lactic acid corresponding to one lactide enantiomer and the
aliphatic ester of lactyllactic acid corresponding to the other
lactide enantiomer, by passing a solution containing R,R- and
S,S-lactide, aliphatic alcohol and optionally solvent/co-sol-
vent through a packed bed of immobilised enzyme; and sepa-
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rating the aliphatic ester of lactic acid from the aliphatic ester
of lactyllactic acid by fractional distillation.

In step (c), the aliphatic ester of lactic acid is separated
from the aliphatic ester of lactyllactic acid by fractional dis-
tillation, preferably by distillation under reduced pressure.

It has been found that the aliphatic ester of lactic acid and
aliphatic ester of lactyllactic acid can be efficiently separated
at elevated temperature by fractional distillation without
either of the two products undergoing racemisation during
this stage. This we believe is surprising given the known
tendency of lactic acid derivatives to undergo facile epimeri-
sation. For example Shuklov et al in Tetrahedron Letters 52
(2011) 1027-30 disclose that lactide isomers can undergo
reversible epimerisation to generate mixtures ofthe two enan-
tiomeric lactides and the meso-form even at room tempera-
ture. Nishida et al (Polymer Degradation and Stability, 92
(2007) 552-559) have also reported on the racemisation of
S,S-lactide at elevated temperatures. In addition, lactic acid
derivatives, such as aliphatic esters of lactic acid and/or ali-
phatic esters of lactyllactic acid, may be susceptible to other
undesired side-reactions on heating, for example lactic acid
oligomers may be formed.

Once these two components (i.e. aliphatic ester of lactic
acid and aliphatic ester of lactyllactic acid) are separated, the
fact that they are associated with different enantiomers of
lactic acid means that by subsequent chemical transforma-
tions they can each be converted to optically pure R,R- and
S,S-lactide, or if desired optically pure R- and S-lactic acid
which can be used in other non-polymer producing applica-
tions.

Preferably, aliphatic ester of lactic acid (e.g. i-propyl lac-
tate, n-propyl lactate, n-butyl lactate) is separated from ali-
phatic ester of lactyllactic acid (e.g. i-propyl lactyllactate,
n-propyl lactyllactate, n-butyl lactyllactate) by fractional dis-
tillation at a pressure of from 100 Pa (1 mbar) to 10,000 Pa
(100 mbar), more preferably 1,000 Pa (10 mbar) to 5,000 Pa
(50 mbar), still more preferably ata pressure of from 2,000 Pa
(20 mbar) to 4,000 Pa (40 mbar), yet more preferably at a
pressure of from 2,500 Pa (25 mbar) to 3,500 Pa (35 mbar),
most preferably at a pressure of about 3,000 Pa (30 mbar).
Preferably, aliphatic ester of lactic acid (e.g. i-propyl lactate,
n-propyl lactate, n-butyl lactate) is separated from aliphatic
ester of lactyllactic acid (e.g. i-propyl lactyllactate, n-propyl
lactyllactate, n-butyl lactyllactate) by fractional distillation at
a temperature of up to 180° C. (for example at a temperature
of from 40° C. to 170° C.), more preferably up to 160, still
more preferably up to 140° C., yet more preferably up to 120°
C., more preferably at a temperature from 50° C. to 120° C.,
still more preferably from 50° C. to 110° C., yet more pref-
erably from 52° C.to 110° C., more preferably from 52° C. to
105° C., still more preferably from 75° C.to 105° C., yet more
preferably from 90° C. to 105° C., more preferably from 95°
C. 10 102° C., most preferably at a temperature of about 100°
C. In one embodiment, aliphatic ester of lactic acid (e.g.
n-butyl lactate) is separated from aliphatic ester of lactyllactic
acid (e.g. n-butyl lactyllactate) by fractional distillation at a
temperature of from 75° C. to 110° C.

In certain embodiments, aliphatic ester of lactic acid (e.g.
n-butyl lactate) is separated from aliphatic ester of lactyllactic
acid (e.g. n-butyl lactyllactate) by fractional distillation at a
pressure of from 1,000 Pa to 5,000 Pa and at a temperature of
up to 180° C., more preferably up to 160° C., still more
preferably up to 140° C., yet more preferably up to 120° C.
More preferably, aliphatic ester of lactic acid (e.g. n-butyl
lactate) is separated by fractional distillation at a pressure of
from 1,000 Pa to 5,000 Pa and at a temperature of from 50° C.
to 120° C., more preferably from 50° C. to 110° C., yet more
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preferably from 52° C.to 110° C., more preferably from 52°
C. 10 105° C,, still more preferably from 75° C.to 105° C., yet
more preferably from 90° C. to 105° C., more preferably from
95° C. to 102° C., most preferably at a temperature of about
100° C. In one embodiment, aliphatic ester of lactic acid (e.g.
n-butyl lactate) is separated from aliphatic ester of lactyllactic
acid (e.g. n-butyl lactyllactate) by fractional distillation at a
pressure of from 1,000 Pa to 5,000 Pa and at a temperature of
from 75° C. to 110° C.

In certain embodiments, aliphatic ester of lactic acid (e.g.
n-butyl lactate) is separated from aliphatic ester of lactyllactic
acid (e.g. n-butyl lactyllactate) by fractional distillation at a
pressure of from 2,000 Pa to 4,000 Pa and at a temperature of
up to 180° C., more preferably up to 160° C., still more
preferably up to 140° C., yet more preferably up to 120° C.
More preferably, aliphatic ester of lactic acid (e.g. n-butyl
lactate) is separated by fractional distillation at a pressure of
from 2000 Pa to 4000 Pa and at a temperature of from 50° C.
to 120° C., more preferably from 50° C. to 110° C., yet more
preferably from 52° C.to 110° C., more preferably from 52°
C. 10 105° C,, still more preferably from 75° C.to 105° C., yet
more preferably from 90° C. to 105° C., more preferably from
95° C. to 102° C., most preferably at a temperature of about
100° C. In one embodiment, aliphatic ester of lactic acid (e.g.
n-butyl lactate) is separated from aliphatic ester of lactyllactic
acid (e.g. n-butyl lactyllactate) by fractional distillation at a
pressure of from 2,000 Pa to 4,000 Pa and at a temperature of
from 75° C. to 110° C.

In certain embodiments, aliphatic ester of lactic acid (e.g.
i-propyl lactate, n-propyl lactate, n-butyl lactate) is separated
from aliphatic ester of lactyllactic acid (e.g. i-propyl lactyl-
lactate, n-propyl lactyllactate, n-butyl lactyllactate) by frac-
tional distillation at a pressure of from 2,500 Pa to 3,500 Pa
and at a temperature of up to 180° C., more preferably up to
160° C., still more preferably up to 140° C., yet more prefer-
ably up to 120° C. More preferably, aliphatic ester of lactic
acid (e.g. n-butyl lactate) is separated by fractional distillation
ata pressure of from 2,500 Pa to 3,500 Pa and at a temperature
of'from 50° C.to 120° C., more preferably from 50°C.t0 110°
C., yet more preferably from 52° C. to 110° C., more prefer-
ably from 52° C. to 105° C., still more preferably from 75° C.
to 105° C., yet more preferably from 90° C. to 105° C., more
preferably from 95° C. to 102° C., most preferably at a tem-
perature of about 100° C. In one embodiment, aliphatic ester
oflactic acid (e.g. n-butyl lactate) is separated from aliphatic
ester of lactyllactic acid (e.g. n-butyl lactyllactate) by frac-
tional distillation at a pressure of from 2,500 Pa to 3,500 Pa
and at a temperature of from 75° C. to 110° C.

In certain embodiments, aliphatic ester of lactic acid (e.g.
n-butyl lactate) is separated from aliphatic ester of lactyllactic
acid (e.g. n-butyl lactyllactate) by fractional distillation at a
pressure of about 3,000 Pa and at a temperature of up to 180°
C., more preferably up to 160° C., still more preferably up to
140° C., yet more preferably up to 120° C. More preferably,
aliphatic ester of lactic acid (e.g. n-butyl lactate) is separated
by fractional distillation at a pressure of about 3,000 Pa and at
atemperature of from 50° C. to 120° C., more preferably from
50°C.10 110° C., yet more preferably from 52° C.1t0 110° C.,
more preferably from 52° C. to 105° C., still more preferably
from 75° C. to 105° C., yet more preferably from 90° C. to
105° C., more preferably from 95° C. to 102° C., most pref-
erably at a temperature of about 100° C. In one embodiment,
aliphatic ester of lactic acid (e.g. n-butyl lactate) is separated
from aliphatic ester of lactyllactic acid (e.g. n-butyl lactyllac-
tate) by fractional distillation at a pressure of about 3,000 Pa
and at a temperature of from 75° C. to 110° C.
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The distillation column used may optionally contain pack-
ing in order to achieve improved separation efficiencies, for
example Raschig rings or structured packing.

In step (c), at least the lower boiling aliphatic lactate ester
fraction is removed overhead for further use or treatment
thereby indirectly effecting separation of the two lactic acid
enantiomers. In a preferred embodiment, the aliphatic ester of
lactic acid is removed overhead by distillation, and the distil-
lation residue comprises the aliphatic ester of lactyllactic
acid, which may be removed via a side stream. In an alterna-
tive embodiment, both the aliphatic ester of lactic acid and the
aliphatic ester of lactyllactic acid are removed overhead by
distillation (e.g. they are collected as separate overhead prod-
uct streams, for example at different temperatures and/or
pressures).

The distillation column (also known as a fractionation
column) used for step (c) must have the necessary number of
theoretical plates to perform its function (i.e. to enable sepa-
ration of aliphatic ester of lactic acid from aliphatic ester of
lactyllactic acid). In the case where the reaction is carried out
batchwise the reaction will likely have gone to completion
and the residuum in the boiler of the distillation column will
generally comprise an aliphatic lactyllactate ester fraction
which can then be removed by a side stream for its own
further treatment and use. If steps (a) and (b) are operated
continuously then the distillation column in step (¢) may also
operate continuously with recycle to ensure that at steady
state all of the R,R- or S,S-lactide is converted quantitatively
(as the case may be) to aliphatic ester of S-lactic acid or
aliphatic ester of R-lactic acid, and that the corresponding
aliphatic ester of lactyllactic acid is recovered in single enan-
tiomeric form. In this continuously operated case the distil-
lation can be effected in either a single column or a train of
columns arranged in series. Typically the distillation
column(s) used in step (c) are operated at a pressure of less
than 5,000 Pa.

In an embodiment of the present invention the single enan-
tiomer of the aliphatic lactate ester recovered in step (c) canbe
converted to either the corresponding lactic acid enantiomer
or to the corresponding lactide enantiomer. In both cases, the
aliphatic alcohol is released and can be separated and
recycled to step (a). For example, in the case where the sup-
ported enzyme used is Novozym 435, the alcohol is n-butanol
and the solvent is acetone, the R-n-butyl lactate so generated
can be converted to R-lactic acid or R,R-lactide. If R,R-
lactide is produced it can then be polymerised to produce
optically pure PDLA. Likewise, the single enantiomer of the
aliphatic lactyllactate ester if recovered in pure form in step
(c) can be converted back to either the corresponding lactic
acid or lactide enantiomer so that for example in the case that
the aliphatic ester of lactyllactic acid is S,S-n-butyl lactyllac-
tate, it can be hydrolysed to S-lactic acid or converted into
S,S-lactide, which can then be polymerised to produce opti-
cally pure PLLA.

Thus, according to a first further embodiment of the present
invention there is provided a process for producing S-lactic
acid characterised by the steps of: contacting a mixture of
R,R- and S,S-lactide with an aliphatic alcohol (e.g. a C, to Cq
alkyl alcohol) and an enzyme to produce a mixture compris-
ing aliphatic ester of lactic acid corresponding to one lactide
enantiomer, and aliphatic ester of lactyllactic acid corre-
sponding to the other lactide enantiomer; separating the mix-
ture comprising aliphatic ester of lactic acid corresponding to
one lactide enantiomer and the aliphatic ester of lactyllactic
acid corresponding to the other lactide enantiomer from the
enzyme, and recycling the enzyme to the process; separating
the aliphatic ester of lactic acid from the aliphatic ester of
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lactyllactic acid by fractional distillation; and either, where
the aliphatic ester of lactyllactic acid is an aliphatic ester of
S,S-lactyllactic acid, hydrolysing the aliphatic ester of S,S-
lactyllactic acid to produce S-lactic acid or, where the ali-
phatic ester of lactic acid is an aliphatic ester of S-lactic acid,
hydrolysing the aliphatic ester of S-lactic acid to produce
S-lactic acid. Preferably, the mixture of R,R- and S,S-lactide
used in the process has been prepared from a mixture of R-
and S-lactic acid. The S-lactic acid produced by the process
preferably has an enantiomeric excess of at least 90%, more
preferably at least 95%, still more preferably at least 98%,
most preferably at least 99%.

Alternatively, according to a second further embodiment of
the present invention there is provided a process for produc-
ing R,R-lactide characterised by the steps of contacting a
mixture of R,R- and S, S-lactide with an aliphatic alcohol (e.g.
a C, to Cq alkyl alcohol) and an enzyme to produce a mixture
comprising aliphatic ester of lactic acid corresponding to one
lactide enantiomer, and aliphatic ester of lactyllactic acid
corresponding to the other lactide enantiomer; separating the
mixture comprising aliphatic ester of lactic acid correspond-
ing to one lactide enantiomer and the aliphatic ester of lac-
tyllactic acid corresponding to the other lactide enantiomer
from the enzyme, and recycling the enzyme to the process;
separating the aliphatic ester of lactic acid from the aliphatic
ester of lactyllactic acid by fractional distillation; and either,
where the aliphatic ester of lactyllactic acid is an aliphatic
ester of R,R-lactyllactic acid, converting the aliphatic ester of
R,R-lactyllactic acid to R,R-lactide or, where the aliphatic
ester of lactic acid is an aliphatic ester of R-lactic acid, con-
verting the aliphatic ester of R-lactic acid to R,R-lactide.
Preferably. the mixture of R,R- and S,S-lactide used in the
process has been prepared from a mixture of R- and S-lactic
acid. The R,R-lactide produced by the process preferably has
an enantiomeric excess of at least 90%, more preferably at
least 95%, still more preferably at least 98%, most preferably
at least 99%.

Alternatively in a third further embodiment of the present
invention there is provided a process for producing R-lactic
acid characterised by the steps of: contacting a mixture of
R,R- and S,S-lactide with an aliphatic alcohol (e.g. aC, to Cq
alkyl alcohol) and an enzyme to produce a mixture compris-
ing aliphatic ester of lactic acid corresponding to one lactide
enantiomer, and aliphatic ester of lactyllactic acid corre-
sponding to the other lactide enantiomer; separating the mix-
ture comprising aliphatic ester of lactic acid corresponding to
one lactide enantiomer and the aliphatic ester of lactyllactic
acid corresponding to the other lactide enantiomer from the
enzyme, and recycling the enzyme to the process; separating
the aliphatic ester of lactic acid from the aliphatic ester of
lactyllactic acid by fractional distillation; and either, where
the aliphatic ester of lactyllactic acid is an aliphatic ester of
R,R-lactyllactic acid, hydrolysing the aliphatic ester of R,R-
lactyllactic acid to produce R-lactic acid or, where the ali-
phatic ester of lactic acid is an aliphatic ester of R-lactic acid,
hydrolysing the aliphatic ester of R-lactic acid to produce
R-lactic acid. Preferably. the mixture of R,R- and S,S-lactide
used in the process has been prepared from a mixture of R-
and S-lactic acid. The R-lactic acid produced by the process
preferably has an enantiomeric excess of at least 90%, more
preferably at least 95%, still more preferably at least 98%,
most preferably at least 99%.
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Alternatively, in a fourth further embodiment there is pro-
vided a process for producing S,S-lactide characterised by the
steps of contacting a mixture of R,R- and S,S-lactide with an
aliphatic alcohol (e.g. a C, to Cy alkyl alcohol) and an enzyme
to produce a mixture comprising aliphatic ester of lactic acid
corresponding to one lactide enantiomer, and aliphatic ester
of lactyllactic acid corresponding to the other lactide enanti-
omer; separating the mixture comprising aliphatic ester of
lactic acid corresponding to one lactide enantiomer and the
aliphatic ester of lactyllactic acid corresponding to the other
lactide enantiomer from the enzyme, and recycling the
enzyme to the process; separating the aliphatic ester of lactic
acid from the aliphatic ester of lactyllactic acid by fractional
distillation; and either, where the aliphatic ester of lactyllactic
acid is an aliphatic ester of S,S-lactyllactic acid, converting
the aliphatic ester of S,S-lactyllactic acid to S,S-lactide or,
where the aliphatic ester of lactic acid is an aliphatic ester of
S-lactic acid, converting the aliphatic ester of S-lactic acid to
S,S-lactide. Preferably. the mixture of R,R- and S,S-lactide
used in the process has been prepared from a mixture of R-
and S-lactic acid. The S,S-lactide produced by the process
preferably has an enantiomeric excess of at least 90%, more
preferably at least 95%, still more preferably at least 98%,
most preferably at least 99%.

Conversion of the mixture of R- and S-lactic acid into a
mixture of R,R and S,S-lactide may result in formation of
R,S-lactide, as well as R,R- and S,S-lactide. If desired, R,S-
lactide may be separated from R,R-and S,S-lactide by routine
methods well known in the art.

Preferably the R,R- and S,S-lactides produced in respec-
tively the second or fourth further embodiments set out above
are separately polymerised to produce substantially optically
pure PDLA or PLLA. PDLA and PLLA can be combined in
varying proportions, for example using melt blending, to
produce a range of stereocomplex polylactic acid formula-
tions having an associated range of improved optical and
form stability properties relative to either PLLA or PDLA
alone. Whilst the relative proportions of these two polymers
can vary widely it is preferred that the PLLA content of these
formulations lie in the range 40 to 60% based on the total
weight of PLLA and PDLA. The stereocomplex polymers so
produced can be used in a wide range of applications, includ-
ing a wider scope of durable uses previously not possible with
PLLA.

The invention will now be illustrated by reference to the
following examples.

EXAMPLES 1-3

Stereoselective Alcoholysis of Rac-Lactide in
Heptane/THF (Batch)

A glass reactor was charged with racemic lactide (1 equiva-
lent), n-butanol (1.5 equivalents), Novozym 435 (3% by
weight of the racemic lactide) and varying amounts ofa 90:10
(by weight) heptane/THF co-solvent (volumes based on the
amount of n-butanol used). The mixture was stirred for 24
hours at room temperature and then analysed by chiral HPL.C
and NMR spectroscopy for R-n-butyl lactate, S-n-butyl lac-
tate, S,S-n-butyl lactyllactate and R,R n-butyl lactyllactate, so
that the composition of the lactate components could be deter-
mined. The results are shown in the following table (Nd=not
detected):
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Volume of % R-n-butyl % S-n-butyl % S,S-n-butyl % R,R-n-butyl
Example No. heptanes/THF lactate lactate lactyllactate lactyllactate
1 0 28 Nd 15 57
2 3.5 26 Nd 20 54
3 1.0 26 Nd 19 55
EXAMPLES 4-7
10 Still-head ~ Mass of
Stereoselective Alcoholysis of Rac-Lactide in . temperature  fraction - .
Butanol (B atch) Fraction range (° C.) (g) Composition of fraction
Post- — 90.0 n-butanol (excess - not measured)
Inaseries of experiments 2.89 g of racemic lactide, 100 mg reaction (R)-n-butyl lactate (49%)
of Novozym 435 (3.5% by weight lactide) and varying quan- 15 Eg’;)'n'bbmyll llmyllllacttite ((510og ;))
.. . . -11-DUlf ac actate (J
tities of n-butanpl (1.5t010 equlvalents based on the racemic 1 50-52 200 n-butanol (29% )ty
lacthe) were mixed toget.her in a glass reactor and stirred for (R)-n-butyl lactate (1%)
a period of 60° C. for period of up to 24 hours. Samples were 2 52-100 7.4  n-butanol (38%)
removed at varying times and analysed by chiral HPL.C and (R)-n-butyl lactate (62%)
NMR for the presence of R- and S-n-butyl lactate. Using this 20 3 100 221 (R)'H‘E“W} iacme (>99%)
information % yields of R-n-butyl lactate based on the R,R- 4 100-154 147 g)i{n)'_nl_lgl tyﬁ;“:yff;gze (3%)
component of the race?mic lactide sFarting material were cal- (S:S)—n—butyl lactyllactate (63%)
culated and reported in the following table. In all cases no 5 154-160 11.6  n-butanol (0.2%)
S-n-butyl lactate was detected and no yields are therefore (R)-n-butyl lactate (0.2%)
reported.
Yield of R-n-butyl lactate
Example Time (h) 1.5eq 2eq 25eq 3eq 6eq 10 eq
4 2 43.5% 67% 57.5% 45% 38.5%  39.5%
5 5 57%  77.5%  81% 82% 46%  44%
6 7 55%  765%  90% 96.5% 92.5%  86.5%
(after 8 hours)
7 24 59% 77%  89%  Notmeasured 99.5%  97%
EXAMPLE 8 -continued
Still-head ~ Mass of
Distillation to Separate Butanol, Butyl Lactate and 40 temperature fraction
Butyl Lactyl Lactate Fraction range (° C.) (g) Composition of fraction
(R,R)-n-butyl lactyllactate (2%)
. . o (S,S)-n-buty! lactyllactate (97%)
1.50 gracemic n-butyl lactyllactate was gently stlrreq at50 Pot - 47 (S.Srn-butyl lactyllactate (»90%)
C. in the presence of 7.5 g Novozym 435 (5% by weight of 5 residue Higher oligomers (€10%)
substrate) and 195 ml n-butanol for 6 hours, taking the con-
version of (R,R)-n-butyl lactyllactate into (R)-n-butyl lactate
to in excess of 9?%. The immobilised enzyme was then EXAMPLE 9
removed by filtration and the bulk of the excess n-butanol
removed by rotary evaporationat 50° C./25 mbar. Aportionof 5o Analogous experiments to those described in Examples 1

the residue (100 ml) was transferred to a round-bottomed
flask equipped with a distillation column packed with
Raschig rings, a still-head and condenser. Distillation was
then carried out at 30 mbar, the vacuum being maintained by
a Vacuubrand CVC 2000 controller.

Fractions were collected as summarised in the Table below.
Fractions 4 and 5 contained mixtures of (R)-n-butyl lactate
and (S,S)-n-butyl lactyllactate, highlighting the difficulty in
achieving separation of these components. Fractions 2 and 3
contained (R)-n-butyl lactate but no n-butyl lactylactate.
Fraction 3 contained (R)-n-butyl lactate in >98% ee. The
results demonstrate that separation of alkyl lactate from alkyl
lactylactate by distillation is possible without significant loss
of enantiomeric purity.

55

to 7 were carried out using IMMCALB-T2-150,
IMMCALBY-T2-150, IMMCALB-T1-350, or a cross-linked
aggregate of lipase B from Candida antarctica, as the enzyme
in place of Novozym 435. Those enzymes showed similar
levels of stereoselectivity to Novozym 435.

EXAMPLE 10

Stereoselective Alcoholysis of Rac-Lactide in
Butanol/Acetone Mixture (Batch)

A glass vessel was charged with rac-lactide (2.30 g),
Novozym 435 (115 mg, 5 wt % with respect to lactide),
n-butanol (2.9 ml, 2:1 molar ratio with respect to lactide) then
acetone (6.8 ml). The mixture was shaken by hand at RT to
45° C. to ensure that the lactide dissolves. Then the vessel was
placed in a heated shaker 45° C., 750 rpm (t=0). The reaction
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was monitored over 24 hrs. Samples were analysed by chiral
gas chromatography to determine the (S)-butyl lactate, (R)-
butyl lactate, (S,S)-butyl lactyllactate, (R,R)-butyl lactyllac-
tate, (S,S)-lactide and (R,R)-lactide composition. After 24 hrs
the reaction reached 89% conversion to (S)-butyl lactate at an
optical purity>99% c.e.

EXAMPLE 11

Stereoselective Alcoholysis of Rac-Lactide in
Butanol/Acetone Mixture with Recycle of Enzyme
(Batch)

Rac-lactide (1.45 g, 10 mmol) was alcoholised with
n-BuOH (2.75 ml, 30 mmol, 3 eq.) and Novozym 435 (200
mg, 14%) for 7 h at 35° C. in the presence of 2.75 ml of
acetone. After 7 h the reaction was stopped and analysed for
conversion to R-butyl lactate. The reaction liquors were then
carefully separated from the immobilised enzyme by syringe
and the enzyme was washed with solvent and reused in a
subsequent run. The enzyme was reused for 8 repeat runs.
Conversion to R-butyl lactate after the 1° run was 92% (ofthe
theoretical yield) and conversion after the 8 run was 79%.

EXAMPLE 12

Stereoselective Alcoholysis of Rac-Lactide in
Butanol/Acetone Mixture with Recycle of Enzyme
(Continuous)

At regular intervals a 50:50 mixture of (S,S)- and (R,R)-
lactide was dissolved in acetone at a concentration of 30% wt
lactide in a 1 litER water heated jacketed vessel at 45° C.
equipped with a reflux condenser. n-Butanol was then added
to the lactide solution so that the n-BuOH/lactide molar ratio
was 2:1 at 45° C.; under these conditions the lactide remains
in solution. Typical batches were prepared to supply the reac-
tion rig with sufficient substrate to operate for at least 24 h.

The contents were then fed through a 400 mm length reflux
column, the exterior collar of which was heated to 45° C.
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EXAMPLE 13

Stereoselective Alcoholysis of Rac-Lactide in
Butanol/Methyl Ethyl Ketone (MEK) Mixture with
Recycle of Enzyme (Continuous)

A solution of 10 g rac-lactide, 15 g BuOH, (3 Eq), and 50
g MEK (aratio of 1:1.5:5) was passed through a steel column
containing 0.500 g Novozym 435 immobilised Candidia ant-
arctica Lipase B over a period of 60 h. Samples for analysis
were taken at 2 hourly intervals from the feed and from the
output of the column and the concentrations of (S)-butyl
lactate, (R)-butyl lactate, (S,S)-butyl lactyllactate, (R,R)-bu-
tyl lactyllactate, (S,S)-lactide and (R,R)-lactide were deter-
mined by chiral liquid chromatography (no S-butyl lactate
was detected). The conversion remained steady at 85% and
the R-butyl lactate products were all >99% enantiomeric
excess.

EXAMPLE 14

Distillation of Acetone and Butanol from Butyl
Lactate and Butyl Lactyllactate

A 1 litER 3-necked glass flask was fitted with a magnetic
stirrer bar and an insulated 20-plate Oldershaw column sur-
mounted by a Perkin vacuum still head with 250 ml receiver.
A feed point approximately half-way up the column allowed
feedstock to be charged via a peristaltic pump using
PharMed® BPT peristaltic tubing. The flask was heated using
an oil bath and vacuum was applied via a Teflon diaphragm
pump, with a solid CO, cooled trap.

The feedstock for this distillation consisted of acetone
(49% wt); (R)-n-butyl lactate (21% wt); butanol (7% wt);
(R,R)-n-butyl lactyllactate (3% wt) and (S,S)-n-butyl lactyl-
lactate (19% wt). The remaining components included trace
quantities of (S)-n-butyl lactate and both (S,S)- and (R,R)-
lactides.

Initially, some extra butanol was added to the feed charged
in order to establish continuous distillation conditions, since
the amount of butanol present in the feedstock was low. Once
this had been established (oil bath ~135° C., internal temp.
~117° C., still head temp. ~77° C., vacuum=500 mBarA), the
main feed was then charged at 2.5-5.0 ml/min. Fractions were
collected as detailed below and analysed by chiral GC.

Composition by GC (%)

Oil bath Internal Head Mass of R)-

temp/  temp/ temp. Vacuum fraction Butyl

Fraction °C. °C. (°C.) (mBarA) (g)  Acetone Butanol lactate
a) 135-149 117-135 70-76 500 45.3 99.5 0.0 0.5
b) 148-154 136-148 36-66 500 25.1 98.6 0.9 0.5
c) 147-153 138-147 30-36 500 10.1 96.1 3.4 0.5

using recirculated heated water. The column was fitted s

directly onto a glass adaptor containing a 5 g packed bed of
Novozym 435 (supported Candida antarctica Lipase B). The
solution was fed through the column using a Watson Marlow
1208 peristaltic pump and 1.6 mm ID Marprene tubing. Once
passed through the enzyme bed the product mixture was
collected and samples analysed by gas chromatography. Flow
of reactants over the enzyme bed was adjusted to achieve a
conversion of (R,R)-butyl lactyllactate into R-butyl lactate in
the region 80-90%. Even after three months continuous
operation conversions were >80% and the optical purity of
the R-butyl lactate>99% e.e.

From the 702 ml (609.5 g) of feedstock used, the compo-
sition of the resulting concentrated product (340.11 g) was:
acetone (4.5%); (R)-n-butyl lactate (44.3%); n-butanol
(4.7%); (R,R)-n-butyl lactyllactate (5.9%), (S,S)-n-butyl lac-
tyllactate (39.0%) and (S)-n-butyl lactate (0.7%) with the
remainder being (S,S)- and (R,R)-lactides.

The composition of the volatile products collected in the
cold trap (59.7 g) was: acetone (89%) and butanol (10%) with
the remaining 1% being n-butyl lactate.

A continuous distillation set up was constructed compris-
ing a 250 ml Hastelloy reboiler (with sightglass), a trace-
heated 20-plate Oldershaw column surmounted by a Perkin
vacuum still head with 250 ml receiver. There was a feed point
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approximately half-way up the column allowing feedstock to
be charged via a peristaltic pump using PharMed® BPT peri-
staltic tubing. The temperature of the reboiler and column
heat tracing were electrically controlled. Vacuum was applied
via a Teflon diaphragm pump, with a solid CO, cooled trap.

The feedstock for this distillation (1050.0 g) consisted of:
acetone (49% wt); (R)-n-butyl lactate (21% wt); butanol (7%
wt); (R,R)-n-butyl lactyllactate (3% wt) and (S,S)-n-butyl
lactyllactate (19% wt) with traces of (S)-n-butyl lactate and
both (8,S)- and (R,R)-lactides.

After the initial filling and conditioning of the column, the
feedstock was fed in and rates and temperatures adjusted until

16

steady continuous distillation was achieved. The optimum
conditions were found to be vacuum=100 mBarA; Reboiler
temperature=100° C.; Heat tracing=65° C.; Feed rate=4

ml/min.

10

recycled to earlier stages of the overall process.

Composition by GC (%)

These conditions were maintained throughout this distilla-
tion, and resulted in the product distribution detailed below.
This procedure successtully concentrated the higher-boiling
components (mainly (R)-n-butyl lactate and (S,S)-n-butyl
lactyllactate) in the reboiler in high yields. Acetone and
butanol recovery is also high and these solvents may be

Amount Sy ®)- 8- RR- (5S5- RR)-
Details (g) Acetone Butanol Bula BuLa Bulala Bulala Lactide Lactide
Feed- 1050.0  48.1 7.8 0.1 21.6 19.4 2.7 0.1 0.2
Stock
Distillates 63.4 11.0 53.6 0.2 289 5.6 0.8 0.0 0.0
Reboiler 335.3 0.4 35 0.2 450 443 6.3 0.1 0.3
Fractions
Cold Trap 422.2 95.3 4.3 0.2 0.2 0.1 0.0 0.0 0.0
Sampling 126.8 4.6 10.3 0.7 249 244 3.5 0.0 0.2
Bula = butyl lactate; BuLaLa = butyl lactyl lactate

EXAMPLE 15

Distillation of Butyl Lactate from Butyl Lactyllactate
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A continuous distillation apparatus was constructed com-
prising a 250 ml Hastelloy reboiler with sightglass fitted with
a heated 20-plate Oldershaw column surmounted by a Perkin
vacuum still head with 250 ml receiver. There was a feed point
approximately half-way up the column allowing feedstock to
be charged via a peristaltic pump using PharMed® BPT peri-
staltic tubing. The temperature of the reboiler and column
heat tracing were electrically controlled. Vacuum was applied

35

via a Teflon diaphragm pump, with a solid CO, cooled trap.
40

and both (8S,S)- and (R,R)-1actides.
45

The feedstock for this distillation (740.5 g) consisted of:
acetone (<0.5%); (R)-n-butyl lactate (46%); butanol (3%);
(R,R)-n-butyl lactyllactate (6%) and (S,S)-n-butyl lactyllac-
tate (44%) with trace quantities (<0.5%) of (S)-n-butyl lactate

After the initial filling and conditioning of the column, the
feedstock was fed in and rates and temperatures adjusted until
steady continuous distillation was achieved. The optimum
conditions were found to be: Vacuum=35 mBarA; reboiler
temperature=150° C.; Heat tracing=110° C.; Feed rate=1-4
ml/min. These conditions were maintained throughout this

50
distillation, and resulted in the product distribution detailed
below:
Composition by GC (%)
Mass S ®- 8- RR- 5S)- RR-
Details (g) Acetone BuOH Bula Bula BulLala BulLala Lactide Lactide
Feed 740.5 0.2 3.2 0.2 459 44.0 6.3 0.1 0.2
Distillate 277.6 0.0 5.0 04 939 0.5 0.1 0.0 0.1
Reboiler 389.6 0.0 0.3 02 177 70.7 10.3 0.3 0.5
Fractions
Cold Trap 10.6  12.0 76.1 0.9 108 0.1 0.0 0.0 0.0
Sampling 53.1 2.6 0.7 02 161 69.5 10.3 0.2 0.4

BuLa = butyl lactate; BuLaLa = butyl lactyl lactate
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The distilled product analysed as 93.9% (R)-butyl lactate;
0.4% (S)-butyl lactate, 5.0% butanol; 0.5% (S,S)-butyl lac-
tyllactate; 0.1% (R,R)-butyl lactyllactate and 0.1% (R,R)-
lactide.

The invention claimed is:

1. A process for producing an aliphatic ester of lactic acid
and an aliphatic ester of lactyllactic acid, one of said esters
being in the R form and the other being in the S form, char-
acterised by the steps of:

(a) contacting a mixture of R,R- and S,S-lactide with an
aliphatic alcohol and an enzyme to produce a mixture
comprising the aliphatic ester of lactic acid correspond-
ing to one lactide enantiomer (R or S) and the aliphatic
ester of lactyllactic acid corresponding to the other lac-
tide enantiomer (S or R);

(b) separating the mixture comprising the aliphatic ester of
lactic acid and the aliphatic ester of lactyllactic acid
from the enzyme, and recycling the enzyme to the pro-
cess; and

(c) separating the aliphatic ester of lactic acid from the
aliphatic ester of lactyllactic acid by fractional distilla-
tion.

2. The process as claimed in claim 1, wherein a solvent
which is miscible with the aliphatic alcohol is employed in
step (a).

3. The process as claimed in claim 1, wherein the aliphatic
ester of lactic acid is separated from the aliphatic ester of
lactyllactic acid by fractional distillation at a pressure of from
1,000 Pa to 5,000 Pa and at a temperature of from 50° C. to
120° C.

4. The process as claimed in claim 1, wherein the aliphatic
ester of lactic acid separated by fractional distillation has an
enantiomeric excess of at least 90%.

5. The process as claimed in claim 1, wherein the aliphatic
ester of lactyllactic acid separated by fractional distillation
has an enantiomeric excess of at least 90%.

6. The process as claimed in claim 1, wherein a C, to Cq
aliphatic alcohol is used in step (a).

7. The process as claimed in claim 6, wherein that the molar
ratio of C, to C; aliphatic alcohol to racemic lactide is in the
range 2:1 to 5:1.

8. The process as claimed in claim 6, wherein the C, to C,
aliphatic alcohol is n-butanol.

9. The process as claimed in claim 1, wherein the enzyme
is a Candida antarctica lipase B, and the aliphatic ester of
lactic acid and the aliphatic ester of lactyllactic acid are
respectively an aliphatic ester of R-lactic acid and an aliphatic
ester of S,S-lactyllactic acid.

10. The process as claimed in claim 1, wherein the enzyme
is chemically or physically immobilised on a porous support.

11. The process as claimed in claim 1, which comprises the
further step of converting one or both of the aliphatic ester of
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lactyllactic acid and the aliphatic ester of lactic acid into the
corresponding R,R- or S,S-enantiomer of lactide and/or the
corresponding R- or S-enantiomer of lactic acid.

12. The process as claimed in claim 1, wherein the mixture
of R,R- and S,S-lactide used in step (a) has been prepared
from a mixture of R- and S-lactic acid.

13. The process as claimed in claim 12, wherein the mix-
ture of R- and S-lactic acid has been prepared by treating a
monosaccharide or glycerol with a base.

14. The process as claimed in claim 1 wherein the aliphatic
ester oflactyllactic acid is an aliphatic ester of S,S-lactyllactic
acid, the process comprises hydrolysing the aliphatic ester of
S,S-lactyllactic acid to produce S-lactic acid or, where the
aliphatic ester of lactic acid is an aliphatic ester of S-lactic
acid, the process comprises hydrolysing the aliphatic ester of
S-lactic acid to produce S-lactic acid.

15. The process as claimed in claim 1 wherein the aliphatic
ester of lactyllactic acid is an aliphatic ester of R,R-lactyllac-
tic acid, the process comprises hydrolysing the aliphatic ester
of R,R-lactyllactic acid to produce R-lactic acid or, where the
aliphatic ester of lactic acid is an aliphatic ester of R-lactic
acid, the process comprises hydrolysing the aliphatic ester of
R-lactic acid to produce R-lactic acid.

16. The process as claimed in claim 1 wherein the aliphatic
ester of lactyllactic acid is an aliphatic ester of R,R-lactyllac-
tic acid, the process comprises converting the aliphatic ester
of R,R-lactyllactic acid to R,R-lactide or, where the aliphatic
ester of lactic acid is an aliphatic ester of R-lactic acid, the
process comprises converting the aliphatic ester of R-lactic
acid to R,R-lactide.

17. The process as claimed in claim 16, wherein the R,R-
lactide produced is polymerised to produce poly-R-lactic
acid.

18. The process as claimed in claim 17, wherein the poly-
R-lactic acid produced is melt blended to form stereocomplex
polylactic acid.

19. The process as claimed in claim 1 wherein the aliphatic
ester oflactyllactic acid is an aliphatic ester of S,S-lactyllactic
acid, the process comprises converting the aliphatic ester of
S,S-lactyllactic acid to S,S-lactide or, where the aliphatic
ester of lactic acid is an aliphatic ester of S-lactic acid, the
process comprises converting the aliphatic ester of S-lactic
acid to S,S-lactide.

20. The process as claimed in claim 19, wherein the S,S-
lactide produced is polymerized to produce poly-S-lactic
acid.

21. The process as claimed in claim 20, wherein the poly-
S-lactic acid producted is melt blended to form stereocom-
plex polylactic acid.



